Ruminal solubility of N, K, P, Ca, Mg and S were measured for three forages at six growth stages. The three forages were Kentucky 31 tall fescue (TF), Kenhy fescue (KN) and a red clovertall fescue mixture (RC). Disappearance parameters were measured by means of the dacron bag technique using cannulated steers. Exposures were for 48 h ; maximum extent of disappearance for all elements occurred before this time. High proportions (>60%) of P, K and Mg were released from all three forages during the first 3 h of incubation, with small losses thereafter. Amounts of N and S released during the first 3 h ranged between 40 to 75%. Ca had the lowest initial disappearance. Forages differed (P<.05) in extent of mineral disappearance after 3-and 48-h incubations and in rate of disappearance (K d) of the potentially available, slowly solubilizing, fraction of N, Ca and S. Across growth stages, TF had generally the lowest extent and rate of disappearance. With increasing maturity, K d for Mg, Ca and S decreased (P<.05). For each element, K d was not correlated with herbage concentration or initial (3 h) disappearance. Partial correlations between disappearance of N, K, Ca, Mg and S after the 48-h incubation and herbage concentration were significant. Solubilization values corrected for rate of passage (ERS) showed significant differences among forages for K, Ca and S. Average ERS values for S and K were highest for KN; RC herbage had higher ERS values for Ca. Increases in forage maturity lowered (P<.001) ERS for all elements. The results indicate that for all growth stages, ruminal solubility and potential availability of N and minerals from the three forages was high. The rate of release differed among elements and may have affected efficiency of microbial fermentation. Although ruminal solubility of minerals from TF was generally lower than from the other two forages, the difference was not sufficient to explain fully the lower apparent availability observed in previous studies.
Introduction
Apparent availability of minerals from temperate forages has been measured extensively, and many of the factors regulating absorption have been described (Butler and Jones, 1973; Scott and McLean, 1981) . One important aspect of mineral availability is the extent and mode of solubilization in the reticulo-rumen. Availability across the stomach has been measured using surgically modified animals (Rogers and van't Klooster, 1969; Field and Munro, 1977) . However, due to endogenous secretions, these data do not reflect net avail- Received August 15, 1986 . Accepted April 7, 1987 ability of N and minerals at the ruminal level.
Estimates of the mineral solubilization in the reticulo-rumen have been made for silages (Rooke et al., 1983) and tropical forages (Playne et al., 1978) but no such data exist for temperate forages, nor have effects of growth stage been studied. In the United States, reduced availability of minerals and a general impairment of mineral metabolism in animals grazing tall fescue has been associated with low animal performance (Powell et al., 1978; Spears et al., 1978) . Apparent availability of calcium (Ca), phosphorus (P) and magnesium (Mg) was found to be low relative to other cool-season grasses (Powell et al., 1978) . Low ruminal availability of sulfur (S) in tall rescue has been associated with reduced microbial fermentation (Spears et al., 1978; Guardiola et al., 1980) . However, rescue herbage. Information on the ruminal availability of N and minerals from fescue or fescue-based forages is limited. An understanding of the nature and extent of nutrient solubilization from forages in the rumen seems necessary to assess their effect on digestive efficiency and animal performance. The present study was, therefore, carried out to investigate the mode and extent of N and mineral availability from fescue herbage in the reticulo-rumen, and to determine if differences in performance of animals grazing rescue pastures could be related to ruminal availability of these elements.
Experimental Procedure
The experiment was carried out during two consecutive years on established, replicated pastures (.8 ha) of Kentucky 31 tall fescue (TF), Kenhy rescue (KN) and red clover-tall rescue (RC) pastures. A total of six pastures was used. Legume pastures were established in the spring of the first year by spraying TF stands with paraquat and sod seeding with red clover (Trifolium pratense L.); this resulted in a mixed stand containing 50 to 80% dover. The rescues used in the study were established before the development of endophyte-free fescue seed. Pastures were established on Gilpin loam soil. Soils were limed in the spring of the first year to a pH between 6 and 7. Nitrogen, as ammonium nitrate, was applied to the grass pastures in split applications of 75 and 60 kg N/ha in April and July of each year.
First-growth herbage was sampled four times at physiological stages corresponding to vegetative growth, early bloom, full bloom and mature for the grasses, and early vegetative, late vegetative, full bloom and mature for the legume. These growth stages corresponded to cuttings on May 8, May 22, June 10 and June 28, respectively. Regrowth herbage in the vegetative state was sampled at the end of July and of August.
Herbage samples were collected at random by hand-clipping at a height of 3 to 5 cm. Samples were frozen immediately at -20 C and lyophilized. The lyophilized samples were ground through a l-ram stainless steel screen in a Wiley mill and 5-g samples were weighed into dacron bags measuring 9 x 17 cm. Bags were 4 Marvelaire, 100% dacron polyester. Manufactured by N. Erlanger Blumgardt, 1450 Broadway, New York. made of dacron cloth 4 with a thread count of 47 threads/cm and an average pore size of 50 /am. Seams were double sewn and sealed with waterproof glue. Eight bags were attached to a 150-g weight and suspended in the ventral sac of ruminal cannulated steers.
In the first year, six ruminaUy fistulated steer calves (weighing an average of 200 kg) were used; in the second year, six yearling beef steers with an average weight of 350 kg were used. The steers were allocated at random to pasture treatments and allowed to graze freely before and during incubation. Forages digested in situ were the same as the pasture type the steers were grazing, e.g., TF was the incubated substrate in steers maintained on TF pastures.
The time between clipping and incubation was 2 to 4 wk. Each sequence of incubations (one/growth stage each year) was started at 0600 to 0700 and quadruplicate bags were removed at 0, 3, 6, 12, 24 and 48 h. Blanks, dacron bags containing 5 g nylon cord, were included with each sequence.
Upon removal, bags were washed in deionized water until the rinsing water remained clear. Excess water was expressed from the bags. Bags were frozen at -20 C and lyophilized. Contents of quadruplicate samples were removed, pooled and stored in polyethylene bottles until analyzed.
During the second year, ruminal turnover rates of the solids phase were determined on four occasions corresponding to two clippings of the first growth and two clippings of the regrowth. Ytterbium (Yb) was used as the solids marker. For the Yb dose, a 50% (w/v) solution of YbCI3.H20 and 1N HC1 was prepared and diluted with deionized water to give a final concentration of 5 mg Yb/ml. Medium quality orchardgrass -alfalfa hay, chopped to 4 cm length, was soaked in the solution for 12 h, rinsed under tap water and dried at 55 C for 48 h. The final Yb dose had a concentration of 25 to 40 mg Yb/g hay and each dose consisted of 900 mg Yb.
The solid marker was introduced into the rumen via the fistula between 0700 and 0800, after which the contents were mixed by hand. Sampling of the ruminal content was timed at 3, 6, 9, 12, 24, 48 and 72 h after dosing. Sampling was performed by taking small quantities of digesta from several sites in the rumen. Digesta were strained through four layers of cheese cloth, a 50-g solids sample was retained and the remainder was returned to the rumen. The solids fraction was dried at 50 C, ground, ashed at 500 C, and the residue was dissolved in 20% (v/v) HC1 and diluted to volume with deionized water.
Phosphorus, K, Ca and Mg in the forage and residues of digestion were analyzed by an emission spectrographic technique; S was determined by a Leco induction furnace procedure. Ytterbium was analyzed by atomic absorption spectrophotometry. Nitrogen concentration was analyzed by the Kjeldahl method.
Digestion kinetics of N and minerals were considered in terms of release after 3 and 48 h of incubation, and the disappearance rate of the potentially available fraction was calculated following 3 h of incubation. The model used to evaluate the fraction of each component disappearing after the initial 3 h is assumed to be a first-order kinetic equation:
where R is the residue at time t, D O is the potentially available fraction, K d is the degradation rate constant and U the nonavailable fraction. A direct, non-linear least-squares procedure was used to estimate the rate constant based on the method of Marquardt's compromise (Draper and Smith, 1966 ) using a computer program of the SAS (1980) . The percentage of each element effectively solubilized in the rumen (ERS) was set equal to:
where A is the highly soluble fraction disappearing between 0 and 3 h of incubation, B is the slowly solubilizing fraction (solubilized between 3 and 48 h), K d is the rate of degradation and K s is the rate of passage. The procedure is analogous to the method proposed by k~rskov and McDonald (1979) for N.
Statistical analysis followed the procedures described by Steel and Torrie (1960) . For the analysis of variance the General Linear Models procedure of the SAS (1980) was used. The basic model was Yijkl = /1 + F i + Gj + Tk + FGij + FTik + GTjk + FGTijk + eijkl, where Yijkl was the digestion parameter of forage i at growth stage j in year k; F i, Gj and Tk were main effects of forage, growth stage and year, respectively; FGij, FTik, and GTjk were the interactions of the main effects; and FGTijk was the three-factor interaction. Tests of significance among treatment means were accomplished using a least significant difference (LSD) protected by a significant F-test.
Results and Discussion
The effects of forage type and growth stage on the concentrations of N and minerals are given in table 1. Changes in mineral concentrations were generally in agreement with trends reported by Reid et al. (1970) and Fleming (1973) . Although the biennial growth habit of red clover resulted in some differences between years, the overall effect of years was not significant The proportion of clover in the sward in the second year was less than in the first, but at all times higher than 50%. As a consequence of the lower proportion of clover in the second year, RC herbage had lower concentrations of N, P, Ca and Mg in this year. By NRC (1984) standards, mineral levels of all forages samples were adequate to meet the requirements of growing steer calves (200 kg).
Disappearance After 3 b. The disappearance of N and minerals after 3 h incubation in the rumen, expressed as a percentage of the original concentration in the forage, is shown in table 2. The effect of growth stage was significant for all elements but was most pronounced (P<.001) for N, K and Ca. The general tendency was for disappearance to decrease with maturity. Herbage differences were significant for N, K, Ca, Mg and S. Kenhy fescue had the highest average disappearance of N, P, K and S; loss of Ca and Mg was greatest from the RC herbage.
There were large differences among elements in the extent of solubilization after 3 h. With the exception of Ca, solubilization of all elements exceeded 50%. Most soluble was K, followed by P, Mg, S, N and Ca. This ranking differs from that observed in grass silages by Rooke et al. (1983) , who found that K was less soluble than Mg and that P was the least soluble mineral.
The average solubility of Ca, Mg and K in our study showed good agreement with waterand acetone-soluble fractions of these elements in tall fescue, ryegrass and red clover (Todd, 1961; Grace et al., 1977; Shockey and Reid, 1984 ). It appears therefore that disappearance of these elements after 3 h of incubation is largely associated with the cell-soluble fraction and that any further disappearance will involve the insoluble, cell wall bound fraction.
Disappearance After 48 b. Proportions of the elements disappearing after 48 h of digestion are shown in table 3. Most elements reached their maximum extent of disappearance before 24 h of incubation regardless of plant maturity. For the elements N, K, P and Mg, changes following 12 h of digestion were small, especially at early growth stages. Calcium and S did not reach their full extent of disappearance until approximately 48 h. Maximum mineral disappearance at approximately 48 h was also observed for tropical hays (Playne et al., 1978) and grass silages (Rooke et al., 1983) .
The effect of forage type and growth stage on the proportion of P, K, Ca, Mg and S disappearing after 48 h was significant. There were no differences among forages in 48-h disappearance of N but the effect of growth stage was significant. Availability decreased with advancing maturity. However, the herbage x growth stage effect was important (P<.05) for P, Ca, Mg and S. This can largely be attributed to the lower stage of maturity of the RC herbage in the first two samplings. Disappearance of Ca, Mg and S was higher for RC herbage during the early growth stages, resulting in higher year averages for Ca and Mg disappearance. The average level of S disappearance from RC herbage was comparable to that of KN (85.3 and 86.2%, respectively), while S disappearance from TF averaged 81.2%. Across years and growth stages, the disappearance of P, Ca and Mg was also lower in TF. Kenhy fescue was generally intermediate in the extent of solubitization of elements at 48 h, with the exception of K.
For the two rescues, the average decrease in 48-h solubility of N, P, K, Ca, Mg and S between the early vegetative and mature, firstgrowth herbage was 15, 5, 3, 26, 4 and 12%, respectively. Comparable decreases for the RC herbage were 13% for N, 7% for P, 5% for K, 13% for Ca, 4% for Mg and 14% for S. aMeans of 2 yr, N, P, K, Ca, Mg and S expressed as percentage of dry matter.
bDuring first growth, sampling dates correspond for grasses to vegetative growth, early bloom, full bloom and mature and for the legume to early and late vegetative, full bloom and mature, respectively. CTF = Kentucky 31 tall fescue; KN = Kenhy fescue; RC = red clover -tall fescue. dstandard error of the mean (n--35).
Because the residual concentrations of all elements after 48 h are associated with the partially or totally indigestible cell wall fraction, they can be considered nonavailable. Across forages, extent of ruminal disappearance of K, P, and Mg was large and generally exceeded 82% of the initial concentrations. Observations made on disappearance of K and Mg from tropical hays and P from luzerne (Playne et al., 1978) agree with these results. For the silages in the study by Rooke et al. (1983) 48-h disappearance of all minerals was more extensive and always higher than 92%. The difference between grasses and silages is probably associated with the low pH, partial solubilization of minerals and a lower proportion of minerals in the non-ceU wall component of silages.
Rate of Disappearance.
Rates of nutrient disappearance as shown in table 4, are expressed on the basis of the potentially degradable, slowly solubilizing fraction disappearing between 3 and 48 h. Solubilization of this fraction exhibited an exponential, first-order behavior ( figures 1, 2 and 3) . First-order disappearance is confirmed by the high R 2 values, which ranged between 93 and 99%. However, estimates of the rate constants showed considerable variability among forages, growth stages and years. This was especially true for P and K, which had overall standard errors of 7.5 and 2.4, respectively.
There were differences among elements in fractional rate of disappearance. Across forages and growth stages, P had the highest rate of disappearance (8.9%/h), followed by Mg (8.6%/h), Ca (7.3%/h), N (7.0%/h), K (6.2%/h) bDuring first growth, sampling dates correspond for grasses to vegetative growth, early bloom, full bloom and mature and for the legume to early and late vegetative, full bloom and mature, respectively. CTF = Kentucky 31 tall feseue; KN = Kenhy fescue; RC --red clover -tall fescue. dstandard error of the mean (n=35). e'f'gMeans without a common letter in their superscripts in the same row differ (P<.05).
h'iMeans without a common letter in their superscripts for the same element and in the same column differ (P<.05). and S (5.6%/h). These rate constants were considerably higher than the values reported for grass silages (Rooke et al., 1983) .
Differences among forages were significant for N and Ca, and especially for S (P<.001). Rate of disappearance for P, K and Mg did not differ among forages. Across years and growth stages, TF had the lowest rate of Ca disappearance. In the case of N and S, the significant differences among forages can, in general, be attributed to the higher rates for RC herbage relative to the two fescues. The high rate of N disappearance for RC resulted in a similar extent of disappearance for the three forages after 48 h of digestion, although N disappearance .from RC herbage was lower at 3 h. This lower initial level of N release, combined with the higher herbage N concentration, may be of considerable importance since, on legume diets, larger quantities of nondegraded protein could leave the reticulo-rumen. Increased protein bypass has been observed in animals given legume diets (Walker et al., 1975) .
The effect of stage of maturity on rate constants was large (P<.05) for Ca, Mg and S. All other elements showed no consistent change in rate constants with changes in herbage maturity, and the forage • growth stage interaction was not significant. During first growth, rates of Ca and S disappearance generally decreased with advancing maturity. The rate of Mg disappearance showed a tendency towards an increase between the first and second sampling but decreased during subsequent bDuring first growth, sampling dates correspond for grasses to vegetative growth, early bloom, full bloom and mature and for the legume to early and late vegetative, full bloom and mature, respectively. CTF = Kentucky 31 tall fescue; KN = Kenhy fescue; RC = red clover -tall fescue. dstandard error of the mean (n=35). efgh ..... ' ' ' ~v~eans without a common letter m their superscripts in the same row differ (P<.05). i'j'kMeans without a common letter in their superscripts for the same element and in the same column differ (P<.05).
sampling of the first growth. Regrowth herbage in August had generally lower rate constants for these elements than July regrowth.
Changes in rate constants as affected by growth stage were not related to forage concentrations of these elements. The levels of Mg, Ca and S in forages remained relatively constant. The other elements showed a decrease in herbage concentration with advancing maturity, while rate constants did not change significantly.
Relationships between herbage composition and rate of disappearance were studied by correlation analysis. A summary of partial correlation coefficients is shown in table 5. The correlation coefficients between rate of disappearance and herbage concentration were not significant and, for most elements, correlations between herbage concentrations and extent of disappearance after 3, 6 or 12 h of incubation also were not significant. Phosphorus was the only element for which herbage concentration was correlated with disappearance after 3 and 6 h. The nonavailable fraction (48 h) of N, K, Ca, Mg and S was significantly related to concentration in the herbage. Since the correlations were positive, the proportion of the elements associated with the indigestible residue decreased at increasing concentrations of the particular element in plant tissue. These results agree with the higher apparent availability, which has been observed when Mg and S concentrations of herbage have been increased through fertilization (Rees and Minson, 1978;  bDuring first growth, sampling dates correspond for grasses to vegetative growth, early bloom, full bloom and mature and for the legume to early and late vegetative, full bloom and mature, respectively. CTF = Kentucky 31 tall fescue; KN = Kenhy fescue; RC = red clover --tall fescue. dstandard error of the mean (n=35).
e'fMeans without a common letter in their superscripts in the same row differ (P<.05).
g'hMeans without a common letter in their superscripts for the same element and in the same column differ (P<.05). Reid et al., 1979; Spears et al., 1985) . The correlations suggest a similar relationship for K and Ca. The general absence of a relationship between herbage concentration of elements and disappearance between 3 and 24 h of incubation suggests that the increased availability of minerals with higher herbage concentrations is largely associated with changes in the fraction disappearing before 3 h of incubation.
Effective Ruminal Solubilization. In combining in situ disappearance and rate of solids passage to estimate effective ruminal solubiliza- 2"4 4'8 t/me, h Figure 3 . Disappearance of magnesium and sulfur (g/100 g element initially present) from Kentucky 31 tall fescue (TF), Kenly fescue (KN) and tall fescuered clover (RC) at two stages of maturity during digestion in the rumen. digesta leaves the rumen at the same rate as the Yb marker. The dry matter residue at each stage of digestion is contaminated with microbial matter which, as shown by electron microscopy studies, is not completely removed by the rinsing procedure used in this study (van Eys, 1982) . The mineral concentration in ruminal microbes is high relative to that of the herbage (Church and Martinez, 1978; Durand and Kawashima, 1980) , and for some elementg the effect of contamination may be considerable. Rooke et al. (1983) estimated that all the P and approximately half the K and Mg in'the 48-h residue of grass silages could be accounted for by microbial contamination; residual Ca was not affected. Extent of solubilization for P, K and Mg is, therefore, under-estimated. However, for these elements the 48-h residue was small and, on the basis of the estimates by Rooke et al. (1983) , the net effect of microbial contamination on K and Mg solubilization is less than 3 to 4% of the initial concentration. Assumption 4 is subject to the general limitations of measuring rate of passage with rare earth markers (Ellis et al., 1979) . Rates of passage of Yb from the rumen and estimates of ERS are given in table 6.
Growth stage was the most important factor affecting ERS. Increases in forage maturity lowered (P<.001) ERS of all elements but, with the exception of K and Ca, the magnitude of the differences between growth stages was similar to that observed at 48 h of incubation. For the three forages combined, the decrease in ERS of N, P, K, Ca, Mg and S between the vegetative and mature first-growth stages averaged 10, 4, 6, 34, 3 and 14%, respectively. Changes in ruminal solubility of nutrients due to growth stage may partially explain the effect of herbage maturity on apparent availability.
Differences among forages in ERS were less pronounced than those observed after 12, 24 and 48 h incubation and reflect, therefore, the compensatory effect of rate of passage. Herbage type had no significant effect on ERS of N, P and Mg. The herbage differences (P<.001)that were observed for K can be attributed to the lower solubility of this element in regrowth of RC. The ERS of Ca was higher (P<.01) for RC relative to the fescues, but this was limited to first growth. Although ERS values for Ca showed generally good agreement with the 50% true digestibility assumed in NRC (1984) requirements, solubility for mature first growth of fescues dropped below the NRC standard. Phosphorus solubility was generally in agreement with the 85% digestibility value used by the NRC (1984) .
The effect of herbage type on solubilization of S was large (P<.0001). At immature growth stages herbage differences were small, but at late senescence or in regrowth the S in KN had a higher ERS than in TF or RC.
Results of this study show that significant differences exist among selected macro elements aSampling dates correspond for grasses to vegetative growth, full bloom, July and August regrowth and for the legume to early vegetative, full bloom, July and August regrowth, respectively. hTF = Kentucky 31 tall fescue; KN ~-Kenhy rescue; RC = red clover -tall fescue.
CK s = turnover rate (%/h) of solids marker Yb. dN=nitrogen, P=phosphorus, K=potassium, Ca=calcium, Mg=magnesium, S=sulfur.
e'f'gMeans without a common letter in their superscripts within each element and date differ (P<.05).
h'i'JMeans without a common letter in their superscripts within each forage and column differ (P<.05).
kstandard error of the mean (n=13).
in their mode of solubilization, although for all three forages the pattern of solubilization of each element was similar. Large quantities of all elements studied become solubilized in the reticulo-rumen during the first 24 h of incubation. The solubility values observed in this study suggest, therefore, that on these forages there was no deficiency of potentially available minerals. Most elements, but especially Ca, which was the least soluble mineral, will be solubilized further in the more acidic environment of the abomassum and duodenum (Grace et al. 1977) . In general, solubilization values contrast sharply with the values of apparent ruminal availability obtained with forage-fed animals fistulated at the abomasum or proximal duodenum (Kemp et aL, 1973; Grace et al., 1974) . For Mg, a mineral that is largely absorbed from the reticulo-rumen (Field and Munro, 1977) , this difference is important and reflects the effect of interference with absorption through interactions with other elements (Kemp et al., 1961) or adherence to microbial cell walls (Fitt et al., 1972) . The high degree of N and K solubilization observed in this study is consistent with the observation that high levels of these elements interfere with Mg absorption (Kemp et al., 1961 ; Greene et al., 1983) .
The extent of mineral solubilization was generally lower for TF than for KN and RC. The lower apparent availability that has been observed for fescues (Powell et al., 1978; Spears et al., 1978) may in part be related to solubilization in the tureen. However, absolute differences among forages in solubilization were small, suggesting that processes of absorption, endogenous secretion or interactions among nutrients play a more important role. The suggestion by Glenn et al. (1981) that the differential mode of N and S release in the rumen was responsible for the reduced utilization of fescue forage was not substantiated. For the three forages in this study, release of N and S paralleled each other and estimates of ERS were similar.
